Objective: IGF-I, IGF-I receptor and IGF-binding proteins (IGFBPs) are expressed in thyroid tissue and are associated with the function and growth of the thyroid. This study investigated the in vivo and in vitro effects of increased IGFBP-1 levels on the function and growth of the thyroid gland. Design: Transgenic mice which constitutively overexpress IGFBP-1 were used. These mice have a phenotype consistent with partial inhibition of IGF-I action. Methods: Thyroid growth, morphology and hormonogenesis were determined in transgenic mice treated with goitrogens, sodium perchlorate and methimazole. In vitro cell proliferation in thyroid follicles was assessed in response to IGF-I and TSH. Results: Thyroid weight was increased in transgenic mice, relative to their body mass, whereas serum tri-iodothyronine (T 3 ), thyroxine and T 3 -binding capacity were reduced, compared with wildtype. While an inverse relationship between T 3 and TSH was observed in both groups of goitrogentreated mice, the slope of the line of best fit was less steep in transgenic mice compared with wild-type mice. Thyroid growth was less marked in transgenic than wild-type mice in response to goitrogens, although TSH levels were higher in goitrogen-treated transgenics. In vitro proliferative response of isolated thyroid follicles to IGF-I, but not to TSH, was reduced in transgenic, compared with wild-type mice.
Introduction
A considerable body of evidence suggests that growth factors and cytokines, acting in an autocrine or paracrine fashion, have a role in normal thyroid growth and development, as well as in pathophysiological situations such as goiter formation and thyroid cancer. In this regard, insulin-like growth factors (IGFs), particularly IGF-I, have received considerable attention. IGF-I, the IGF-I receptor and a variety of IGF-binding proteins (IGFBPs) are expressed in thyroid tissue (1, 2) . IGF-I facilitates thyrotropin (TSH)-induced proliferation of dog thyroid epithelium in vitro (3) and rat thyroid cell lines in culture (4, 5) . Increased expression of IGF-I receptors has been documented in thyroid tissue from Graves' disease patients (6) and IGF-I has been implicated in the development of multinodular goiters (7) . Furthermore, expression of mutant p21 ras induces IGF-I secretion from thyroid epithelial cells (8) . Since activation of p21 ras has been found in some thyroid cancers, IGF-I may function as an autocrine growth factor in thyroid malignancy. The importance of the IGF system for thyroid function and growth is further supported by the observation that thyroid hormones stimulate IGFBP-1, IGF-I (9) and IGF-II (10) synthesis, indicating a possible regulatory loop involving thyroid hormones and IGFs. In addition to local expression of IGF-I in the thyroid gland, IGF-I may also be taken up from the circulation (11) . The majority of circulating IGF-I is derived from the liver, with hepatic IGF-I expression and circulating levels of IGF-I and IGFBP-3 also being influenced by thyroid hormone status (12, 13) . Since IGF-I enhances thyroid cell proliferation (14) and TSH-induced thyroid hormonogenesis (15) , the possibility exists that hepatic IGF-I feeds back on the thyroid gland and that thyroidhormone status not only influences thyroidal IGF-I synthesis but also the uptake of IGF-I from the circulation.
The data discussed above provide correlative evidence that IGFs are important in thyroid gland physiology.
Definitive experiments to test the role of the IGFs in thyroid gland physiology have not been possible in the past. Although IGF-I and IGF-I receptor knock-out mice have been generated, these animals are stillborn or die in the early post-natal period and thus are not suitable models to address the role of the IGFs in thyroid physiology (16) . Recently, we have generated transgenic mice which constitutively overexpress IGFBP-1 under the phosphoglycerate kinase promoter (PGK) (17) . These mice demonstrate a phenotype which is consistent with the partial inhibition of IGF action. In addition to reduced body weight and hyperglycemia, these mice also demonstrate a marked reduction in brain size. Many, but not all, growth responses are impaired in these mice. For example, estrogen-induced uterine proliferation is markedly impaired (18) , whereas hepatic regeneration is not (19) . Unlike the IGF-I and IGF-I receptor null mutant mice, the IGFBP-1 transgenic mice are viable and thus provide a useful model with which the effects of IGF-I blockade can be examined beyond the neonatal period. The thyroid status of these IGFBP-1 transgenic mice has not been investigated in the past. In this study, thyroid growth and function in these transgenic mice were compared with those in wild-type mice.
Materials and methods

Animal experiments
Transgenic animals used in all experiments are descendants of the C57BL/6J × CBA/JF 1 founder 277A (which have high levels of rat IGFBP-1 in their sera) and wild-type mice of the same genetic background (17) . The mouse PGK promoter drives transgene expression in all tissues, especially in cells requiring high levels of glycolysis (20) , which takes place in the thyroid gland (21) . Two experimental designs were employed: one to compare thyroid growth and function with regard to age in transgenic and wild-type mice, and the other to compare the effects of goitrogen treatment on thyroid growth and function in the two groups of mice. Male transgenic and wild-type mice of identical genetic background were used for both experiments (17) . Mice were killed between 1000 and 1200 h. All animal experimentation was performed in accordance with protocols approved by the Animal Care Committee of the Faculty of Medicine, University of Manitoba.
Thyroid function and growth with age
At 15, 25 and 55 days of age, five transgenic and five wild-type mice were anesthetized with Avertin, weighed and exsanguinated by aspiration from the heart. Thyroid glands were dissected out under a dissecting microscope and weighed. Relative thyroid weight (RTW) was determined by expressing the thyroid weight in milligrams per 100 g body weight. Blood samples were left for 2-3 h at room temperature to coagulate and were then centrifuged. Serum was separated and frozen at ¹20 ЊC for 1-3 weeks, until analyzed by RIA as described below.
Goitrogen treatment
Hypothyroidism was induced in 20 male mice (10 wild-type and 10 transgenic) at 55 days of age, by administration of 0.5% sodium perchlorate and 0.05% methimazole (both from Sigma Chemical Co., St Louis, MO, USA), given in freely available drinking water for 7 days. Another ten mice per group served as controls. Mice were weighed and killed, and samples were collected as described above. Thyroids were fixed in 4% paraformaldehyde in PBS at pH 7.2 overnight for embedding in paraffin by standard procedures. In a separate experiment, six wild-type and six 8-weekold male transgenic mice were caged individually and treated with equal amounts of goitrogen-containing drinking water. After 1 week, water consumption was determined by weighing the remaining amount of water.
Cell proliferation
For cell proliferation experiments, eight (four wildtype and four transgenic) 55-day-old male mice were killed and their thyroids were dissected and washed three times in sterile Dulbecco's minimal essential medium (DMEM/F12) containing penicillin, streptomycin and fungizone (Gibco Life Sciences, Burlington, Ontario, Canada). Thyroids of mice from the same group were pooled and digested with 5 ml DMEM containing 1 mg/ml collagenase (Sigma Chemical Co.) for 30 min at 37 ЊC with shaking and pipetting up and down several times. Follicles were then allowed to settle for 2-3 min, after which they were transferred into fresh DMEM. This washing procedure was repeated twice. The follicle suspensions were aliquoted by volume into 24-well Multiwell tissue culture plate (Becton Dickinson & Co. Lincoln Park, NJ, USA) to a density of 200-300 follicles per well. Follicles were then cultured for 48 h in 300 ml DMEM at 37 ЊC in an atmosphere of 95% air and 5% CO 2 , with the addition of various concentrations of human recombinant IGF-I (Upstate Biotechnology Inc., Lake Placid, NY, USA) or porcine TSH (Sigma Chemical Co.). Four hours before the end of the incubation, 30 ml [ 3 H]thymidine (NEN, Boston, MA, USA) were added to a final activity of 5 mCi/ml. At the end of the treatment, follicles were adherent to the plastic surface. After the treatment, follicles were counted, washed with 200 ml PBS and eluted with 200 ml 0.1 mol/l NaOH. DNA was precipitated with 200 ml 20% trichloroacetic acid and washed twice with 400 ml cold 75% ethanol. Radioactivity was determined using Universol liquid scintillation solution (ICN Biochemicals Inc., Irvine, CA, USA) in a Wallac 1450 Microbeta liquid scintillation counter (Wallac, Turku, Finland). This experiment was repeated three times.
RIAs
Tri-iodothyronine (T 3 ) and thyroxine (T 4 ) levels were measured using Coat-a-Count Total T 3 and Total T 4 kits (Diagnostic Products Corporation, Los Angeles, CA, USA), according to the manufacturer's instructions. Serum TSH was measured using the Biotrak, rat TSH-[
125 I] assay system with magnetic separation (Amersham Life Sciences, Amersham, Bucks, UK). Serum thyroid hormone-binding capacity was measured using a Coat-a-Count T 3 uptake kit (Diagnostic Products) based on the competition in radioactive T 3 uptake between T 3 -specific antibody and unoccupied thyroid hormone-binding sites in the sample serum.
Image analysis
Hematoxylin and eosin stained thyroid sections were photographed at × 100 magnification. Micrographs were scanned using an Abaton Scan 300/Color scanner (Freemont, CA, USA) at 100 pixels per inch and 16-level gray scale. Digitized images were analyzed on a PC computer using the UTHSCSA ImageTool program (developed at the University of Texas Health Science Center at San Antonio, TX, USA). Total area of the thyroid section, areas of the thyroid follicles and the number of follicles were determined in untreated animals. From these data, average follicular area and the number of follicles per square millimeter were calculated. Using the same program, images from goitrogen-treated animals were analyzed for the number of cell nuclei per unit area. Four areas of the sections were randomly chosen and the numbers of cell nuclei were automatically determined by density.
Immunohistochemistry
Paraffin sections of thyroid tissues (5 mm thick) were deparaffinized and rehydrated. Sections were then treated with 20 mg/ml proteinase K for 15 min, then with 3% hydrogen peroxide for 5 min and blocked with 1% normal horse serum for 20 min. Sections were incubated with a 1:1000 dilution of rabbit anti-rat IGFBP-1 antiserum (kindly provided by Dr M Lewitt, University of Sydney, Australia) or with 10 mg/ml rabbit anti-human IGF-I antiserum that cross-reacts with mouse IGF-I (GroPep, Adelaide, Australia), each in 1% normal horse serum. Antigen-antibody complexes were detected using biotinylated horse anti-rabbit IgG (Vectastain Universal Elite ABC Kit, Vector Labs, Burlingame, CA, USA) with 3,3 0 -diaminobenzidine (Sigma Chemical Co.) as a substrate. The sections were photographed at × 400 magnification.
Statistical analysis
Numerical data were analyzed using PC-SAS (22) , unless stated otherwise. In the age study, Pearson correlation coefficients (PCCs) between age, type, treatment, mouse weight, RTW, TSH, T 3 and T 4 were determined. Least-squares ANOVA was performed using the general linear models analysis. The mathematical model included age, treatment and interaction between the two. There were five animals per group in a 3 × 2 design (three ages, two types; n = 30). There was one sample and one observation per animal for each parameter for RTW, TSH, T 3 and T 4 . In the goitrogen study, there were ten animals per group in a 2 × 2 design (transgenic vs wild-type and treated vs untreated animals; n = 40). The mathematical model included type, treatment and interaction between the two and the statistical analysis was similar to that in the ageeffect study. The effects of TSH and IGF-I on the in vitro DNA synthesis were also analyzed by ANOVA. The values for average follicular area (n = 10) were compared between the transgenic and wild-type mice using a two-sample Student's t-test. The same test was used to compare goitrogen-containing water consumption (n = 12), T 3 uptake and thyroid epithelial cell density between wild-type and transgenic mice in goitrogentreated animals. All data are presented as the mean Ϯ S.E.M.
Results
Age-related observation
The changes in body weight, thyroid weight and TSH levels for both wild-type and transgenic mice over the study period are shown in Fig. 1 . As previously reported, there was an overall difference in body weight between wild-type and transgenic mice (P < 0.001). Thyroid weight was significantly greater in transgenic than wild-type mice on days 25 and 55 (P < 0.05 and P < 0.01 respectively) but not on day 15, with no significant change in serum TSH levels (P > 0.5).
Goitrogen treatment
Goitrogen solution consumption in wild-type and transgenic mice was 39.78 g and 40.76 g (P > 0.28) per mouse per week respectively or, expressed relative to body weight, 1.18 g/g body weight and 1.38 g/g body weight (P > 0.27) respectively. Differences in the RTW and serum TSH, T 3 and T 4 concentrations in untreated 55-day-old wild-type and transgenic mice are shown in Fig. 2 . RTW was significantly higher in transgenic mice (P < 0.001), whereas serum T 3 and T 4 were significantly lower in transgenic mice, compared with wild-type mice (P < 0.03 and P < 0.007 respectively). Serum TSH levels were similar in wild-type and transgenic mice. In both wild-type and transgenic mice, goitrogen treatment significantly increased RTW (P < 0.005) and TSH levels (P < 0.0005), amid decreased T 3 and T 4 levels (P < 0.005 and P < 0.0005
Thyroid gland in IGFBP-1 transgenic mice respectively). Serum TSH concentrations in goitrogentreated transgenic mice were significantly higher than in wild-type mice (P < 0.015). RTW, serum T 3 or T 4 in goitrogen-treated transgenic mice were not significantly different from those of wild-type mice. The percent increase of RTW due to goitrogen treatment was less pronounced in transgenic when compared with wildtype mice (P < 0.05), while the percent increase in serum TSH levels was more marked in transgenic mice compared with wild-type mice (P < 0.05).
Photomicrographs of thyroid glands from untreated and goitrogen-treated 55-day-old wild-type and transgenic mice are shown in Fig. 3 . Average follicular area and follicular density were similar for both groups of mice; 2394 vs 2446 mm 2 and 167 vs 182 follicles per mm 2 respectively. Goitrogen treatment resulted in a microfollicular pattern in both wild-type and transgenic mice. In goitrogen-treated mice, there was an average of 5553 (wild-type) vs 5325 (transgenic) nuclei/mm 2 of thyroid section with no significant difference (P > 0.48) between the wild-type and transgenic mice.
Representative photomicrographs of immunohistochemically stained thyroid sections are presented in Fig. 4 . Cytoplasm of transgenic follicular cells was stained more intensely than that of wild-type when incubated with anti-human IGF-I antiserum and considerably more intensely when incubated with anti-rat IGFBP-1 antiserum.
In goitrogen-treated mice, a significant negative correlation was observed between serum T 3 and TSH concentrations (P < 0.015 and P < 0.02 for wild-type and transgenic mice respectively, Fig. 5 ). However,
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Figure 1
Changes with age in body weight, thyroid weight and TSH levels in wild-type (ᓄ) and transgenic (B) mice. The upper panel shows the body weight at the ages of 15, 25 and 55 days (means Ϯ S.E.M., n ¼ 30, overall P ¼ 0:0001, determined by two-way ANOVA). The middle panel shows the changes in thyroid weight between wild-type and transgenic mice, which was significant (P ¼ 0:0003). The lower panel depicts the changes in TSH with age in wild-type and transgenic mice. There was no significant difference in TSH levels between the two groups of mice.
the slope of the line of best fit was less steep in wild-type (y ¼ 102.0-2.02x) than transgenic (y ¼ 85.6-0.87x), indicating that lower concentrations of T 3 were required to suppress pituitary TSH secretion in transgenic compared with the wild-type mice.
Thyroid hormone-binding capacity
To examine whether the differences in serum concentrations of total T 3 and T 4 may have resulted from differences in thyroid hormone-binding proteins, we used a T 3 uptake test to measure serum binding capacity for thyroid hormones. T 3 uptake was significantly elevated by 9% (P < 0.0002) in transgenic vs wild-type mice, indicating a lower availability of unoccupied thyroid hormone-binding sites in the serum of transgenic mice (Fig. 6 ). Based on percent uptake and total T 3 and T 4 values, the free T 3 index (FT 3 I) and free T 4 index (FT 4 I) were calculated. FT 3 I was 59.4 and 53.1 ng/ml for wild-type and transgenic mice respectively, while FT 4 I for the wild-type and transgenic mice was 3.5 and 3.0 mg/ml respectively. This amounts to a 11% (P < 0.01) and 14% (P < 0.005) reduction in transgenic compared with wild-type mice, with respect to FT 3 I and FT 4 I.
In vitro experiments
The effects of in vitro treatment of isolated thyroid follicles with porcine TSH and human recombinant IGF-I on [ 3 H]thymidine incorporation are presented in Fig. 7 . When the entire dose-response curve was considered, wild-type mice exhibited higher DNA synthesis than transgenic mice. There was an overall difference between wild-type and transgenic mice in terms of thyroid follicular responsiveness to IGF-I (n = 12 for each dose and type, P < 0.02, by ANOVA). When individual concentrations were evaluated, significant differences between wild-type and transgenic mice were observed in follicles treated with 3 and 10 nmol/l IGF-I (P < 0.005 and P < 0.002 respectively). There was no statistical difference (P > 0.39) in response to TSH between follicles from wild-type and transgenic mice in terms of their DNA synthesis.
Discussion
While transgenic mice have been shown to be smaller than wild-type, the relative size of most organs is similar in transgenic and wild-type (17) . Thus, the finding that the RTW was significantly larger in transgenic mice was unexpected. The difference in thyroid weight between transgenic and wild-type mice was apparent as early as 15 days of age, but was more marked after weaning at 25 days of age. These differences can be ascribed to the expression of the transgene in the thyroid follicular cells from these mice, based on immunohistochemical data. As a result of the transgenic IGFBP-1 overexpression, there was an increased staining intensity of IGF-I in thyroid follicular cells, presumably bound to IGFBP-1 and thus made less available to interact with the IGF-1 receptors (23). Histological analysis indicated that there was no significant difference in number of follicles per unit area between transgenic and wild-type mice, despite a difference in the thyroid size. This implies a larger number of thyroid follicles in transgenic mice. Even at the earliest time-point studied, 15 days of age, there was no significant difference in TSH levels between transgenic and wild-type mice. We have previously shown that the IGFBP-1 transgene is expressed as early as the blastocyst stage during embryogenesis (24) . It is possible that TSH may have been elevated earlier during development, resulting in the observed increase in RTW in the transgenic mice. The results of our study indicate that thyroid weight increased 2-to 3-fold in both wild-type and transgenic mice between 15 and 25 days of age, without any accompanying increase in serum TSH levels. This suggests that thyroid growth during this time-period may be less dependent on TSH than at other stages of development.
IGF-I has been demonstrated to enhance thyroid cell proliferation (14) . Besides attenuation of IGF function, under certain in vitro conditions, exogenous addition of IGFBP-1 has been shown to enhance IGF-I action in cultured cells, possibly by increasing IGF-I availability at the cell surface (25) . This effect appears to depend upon the phosphorylation state of the IGFBP-1, with the more highly phosphorylated IGFBP-1 having a higher affinity for IGF and being more inhibitory (26) . expressed IGFBP-1 in the thyroid gland of the transgenic mice is not known, the in vitro studies with isolated thyroid follicles from transgenic mice demonstrated a decreased response in DNA synthesis to IGF-I, as compared with follicles from wild-type mice. Therefore, the increased size of the thyroid gland in transgenic animals may not be due to the enhancing effect of IGFBP-1 action on IGF-I. Since the thyroid glands were not smaller in transgenic compared with wild-type mice, other autocrine/ paracrine growth factors present in vivo (27) may have compensated for the reduced action of IGF-I observed in vitro. Insulin, whose fasting serum levels are significantly elevated in the transgenic mice (18), would be a candidate for stimulation of follicular cell DNA synthesis (28) . Other potentially compensating factors are epidermal growth factor (EGF) (2, 3) and fibroblast growth factor (29, 30) . It has been demonstrated by using porcine thyroid follicles cultured on extracellular matrix that EGF stimulates new follicle formation, whereas IGF-I and TSH increase DNA synthesis within the follicles, without stimulating the development of new follicles (3). It is not known whether perturbation of the IGF-I system by overexpression of IGFBP-1 is compensated for by expression of other autocrine/ paracrine growth factors such as EGF, which may enhance the growth of the thyroid gland.
Goitrogen treatment resulted in a microfollicular goiter, characteristic of iodine deficiency (31) . However, the relative increase in RTW following goitrogen treatment compared with the untreated group was less pronounced in transgenic mice than in wild-type mice, despite the difference in TSH levels. This supports the concept that IGF-I is involved in TSH-mediated growth (3, 32) and that the overexpression of IGFBP-1 in transgenic mice impairs TSH action (27, 33) . Serum levels of T 3 and T 4 were decreased in transgenic, compared with wild-type mice. The lower T 3 and T 4 levels could be partially accounted for by the reduction in thyroid hormone-binding capacity of serum from transgenic mice. Since no validated assay of free T 3 or T 4 is available for use in mouse serum, it was not possible to determine the concentrations of free hormones. However, FT 3 I and FT 4 I were significantly different between the untreated wild-type and transgenic mice, although the differences in FT 3 I and FT 4 I were somewhat less pronounced than the differences in T 3 and T 4 .
The hypothalamo-pituitary-thyroid feedback mechanism may not be identical in transgenic and wild-type mice. Although serum TSH levels increased an expected 2-to 3-fold in both goitrogen-treated wild-type and transgenic mice, TSH levels were not different between untreated wild-type and transgenic mice. However, serum TSH levels were elevated in goitrogen-treated transgenic mice compared with wild-type, with no The effects of TSH and IGF-I on [ differences in T 3 or T 4 levels. This may indicate that higher TSH levels are required to stimulate the same degree of thyroid hormonogenesis in mice, that is the transgenic thyroids were less responsive to TSH than those from wild-type mice. We came to a similar conclusion when TSH levels were plotted against a broad range of T 3 concentrations, since the regression lines for goitrogen-treated transgenic and wild-type mice had different slopes. The decreased slope in transgenic mice suggests that there may be an impaired response of thyroid follicle cells to TSH, with regard to thyroid hormone synthesis. This is consistent with previous reports that IGF-I plays a facilitatory role in TSHinduced thyroid hormone synthesis (3, 32) .
The in vitro studies indicate that IGFBP-1 expression in transgenic mice attenuates follicular DNA synthesis in response to IGF-I. Normal growth and development of the thyroid gland are regulated by cytokines and growth factors, including IGF-I (34) . This attenuation of IGF-I response in transgenic follicles can be explained by the general inhibitory effect of IGFBP-1 on the growth stimulation by IGF-I (17) . Physiologically, IGFBPs may have a role in the thyroid growth autoregulatory loop, since IGFBP mRNAs and proteins are down-regulated by TSH (27, 33) , while T 4 treatment increases serum IGFBP-1, -2 and -4 levels in hypophysectomized fetal pigs (35) . Similarly, serum IGFBP-1 increases after thyroid hormone replacement in athyrotic patients (9, 12) .
The in vitro effect of TSH on DNA synthesis in isolated follicles from both wild-type and transgenic mice was smaller in comparison with the effect observed with IGF-I. Growth of human or porcine thyroid follicles on a flat surface was found not to be stimulated by TSH to a great extent (36) . Although the mean level of radiolabeled thymidine incorporation in isolated follicles in response to TSH was lower in transgenic compared with wild-type mice, this difference failed to achieve statistical significance. Previous studies have indicated the requirement of insulin or IGF-I in the culture medium to obtain maximal effects of TSH on DNA synthesis (34) and the effect of TSH on thyroid cell proliferation is thought to be partially mediated by IGF-I (37). The lack of difference in mitogenic response to TSH between wild-type and transgenic mice may be due to different signaling pathways used by TSH and IGF-I. While TSH predominantly utilizes cAMP as a second messenger (37, 38) and its effect can be mimicked by the addition of N6-2 0 -O-dibutyryladenosine cAMP (32), IGF-I receptor exhibits protein tyrosine kinase C activity (39, 40) . Moreover, each pathway seems to be responsible for inducing different immediate early gene expression in rat thyrocytes (41) .
In the future, similar experiments with transgenic mice expressing other IGFBPs should be conducted, to determine any inter-relationship of IGFBP-1 and other IGFBPs and whether the observed effects are direct or via attenuation of IGF action.
The data reported in this paper indicate that the IGF system is important for thyroid function and growth, and that partial inhibition of IGF-I action can be compensated for by thyroid enlargement, despite an elevated expression of IGFBP-1.
